The actin cytoskeleton has been implicated in mediatprior to their neuronal differentiation. We have isolated ing cell shape changes in many systems (Sutherland mutations in a novel gene, act up (acu), that is required and Witke, 1999). Filamentous (F) actin is assembled for this shape change. acu encodes a homolog of yeast from monomeric (G) actin subunits, with kinetics that cyclase-associated protein, which sequesters monofavor addition of subunits to the barbed ends of the meric actin; we show that acu is required to prevent filaments and dissociation of subunits from the pointed actin filament polymerization in the eye disc. In conends. This process is regulated by a variety of proteins trast, profilin promotes actin filament polymerization, (Ayscough, 1998). Profilin binds to actin monomers and acting epistatically to acu. However, both acu and was originally thought to sequester them ( functions in the same way as yeast CAP. We show that
acu is required for cells to change shape in the morphobelow. In the eye disc, clones of acu mutant cells overgenetic furrow, and that it also prevents premature neulapping the morphogenetic furrow expressed markers ronal differentiation in the eye disc, probably by reof photoreceptor differentiation, such as Neuroglian stricting the movement of Hh. We have also investigated (Bieber et al., 1989), Atonal (Ato) (Jarman et al., 1994), the role of profilin, encoded by the chickadee (chic) gene and decapentaplegic-lacZ (dpp-lacZ) (Masucci et al., (Cooley et al., 1992) in the eye disc, where we find that 1990; Heberlein et al., 1993) more anteriorly than surit is required for actin filament polymerization. However, rounding wild-type cells ( Figures 1A-1C ). As differentiachic affects cell shape changes and coordinated neution proceeds from posterior to anterior, this represents ronal differentiation in the morphogenetic furrow in the an acceleration of differentiation in acu mutant cells. same way as acu. These observations suggest that apiHowever, many cells in more posterior acu clones failed cal constriction resulting from dynamic alterations in to differentiate as neurons ( Figure 1A ) and later apactin filaments controls the spread of Hh to produce a peared to die, leaving scars in the adult eye (data not tightly organized band of photoreceptor differentiation.
shown). Removal of acu function from the entire eye disc by inducing clones in a Minute background (Morata and Ripoll, 1975) , and an arrow indicates the beginning of the C-terminal domain used to make UAS-acuC (R207). (C) shows in situ hybridization to acu RNA in wild-type embryos (1-3), an embryo homozygous for l(2)06955 (4), and a wild-type eye-antennal disc (5). acu RNA is present throughout early embryos (1), at regions of cell invagination in gastrulating embryos (2), and in the nervous system after germ band retraction (3), and its level is much reduced by the P element insertion (4). It is present anterior to the morphogenetic furrow in the eye disc (5).
randomly scattered over the eye disc ( Figure 1E) . Thus, development, as females with acu mutant germline clones failed to lay eggs, indicating a requirement for acu is required for the organized progression of photoreceptor differentiation.
acu in oogenesis. We also examined the effects of acu on other tissues. acu mutant bristles at the wing margin had abnormal acu Encodes a CAP Homolog We found that acu mutations failed to complement the shapes and sizes ( Figure 1F ) and were sometimes missing (data not shown). Zygotic loss of acu function caused deficiency Df(2L)S3, which removes polytene chromosome bands 21D2-22A1. We tested available P element lethality with a variable onset, from the embryonic to second instar larval stages. We could not evaluate the insertions in this region for failure to complement acu, and identified two lethal P element alleles of acu, role of any maternal contribution of acu in embryonic to rescue the acu mutant phenotype, we conclude that small region of each ommatidium. Thus, acu is required To confirm that this CAP homolog corresponded to to prevent excessive actin filament polymerization in the the acu gene, we sequenced genomic DNA amplified eye disc. The other acu phenotypes we observed may from this region from flies carrying our two EMS-induced also be due to an effect on actin polymerization; bristles alleles of acu, and found a nonsense mutation in each are actin-based structures, and the actin cytoskeleton that would truncate the CAP protein roughly one third is required for transport of molecules from the nurse of the way through ( Figure 2B ). We also characterized cells to the oocyte during oogenesis (Cooley et al., 1992). the expression of the CAP transcript by in situ hybridization ( Figure 2C ). Uniform expression was observed in early embryos, probably reflecting maternally contribThe C-Terminal Domain of Acu Is Sufficient for Its Function uted RNA. During gastrulation, the RNA appeared to be concentrated at sites where cells invaginate into the Overexpression of UAS-acu throughout the early eye disc using an eyeless-GAL4 driver (Hazelett et al., 1998) embryo. Later, expression was strongest in the central nervous system. Embryos homozygous for the P elehad no effect on photoreceptor differentiation (data not shown), suggesting that Acu activity is either regulated ment insertion l(2)06955 showed greatly reduced transcript levels at this stage ( Figure 2C ). In the eye disc, or not limiting. CAP activity is thought to be regulated by binding to phosphatidylinositol biphosphate (PIP 2 ), CAP RNA expression appeared strongest anterior to the morphogenetic furrow ( Figure 2C 
/acu
E636 transheterozygotes to viability, although the rescued adults sometimes exhibited wing or eye in the eye disc using ey-GAL4 or ubiquitously using da-GAL4 had no apparent effect on development (data not defects (Table 1, Figure 3B , and data not shown). Based on the disruption of sequence or expression of the CAP shown). As our results described below show that the AcuC protein is functional, this may indicate that Acu transcript by three acu mutant alleles and on its ability 
Expression of UAS-acuC under the control of da-GAL4
cells doubly mutant for acu and chic showed predominantly the chic phenotype of lack of phalloidin staining, was sufficient to rescue acu
E593

/acu
E636 transheterozyalthough some cells near the edges of the clone showed gotes to viability (Table 1) and to restore normal photorehigh levels of staining ( Figures 3J, 3K, and 3L) . Thus, ceptor differentiation ( Figure 3C ). The C-terminal domain profilin is required for normal actin polymerization even may be slightly less active than the full-length protein, in the absence of monomer sequestration by CAP. as one of the UAS-acuC insertions tested could only Surprisingly, we found that chic clones overlapping rescue acu mutants to the pupal stage (Table 1) and did the morphogenetic furrow, like acu clones, disrupted not restore normal phalloidin levels to their eye discs the timing of photoreceptor differentiation, leading to ( Figure 3C ). The defects we observe in our acu mutants early expression of markers such as dpp-lacZ, Ato, and thus appear to be due only to loss of function of the Elav ( Figures 4A-4C and data not shown). Large chic C-terminal domain of Acu, as they can be rescued by clones made in a Minute background showed a disorgarestoring this domain. However, we cannot rule out the nization and reduction of photoreceptor differentiation, possibility that the truncated proteins produced in these and an uncoupling of the expression patterns of dppmutants retain some N-terminal domain activity and that lacZ and Elav ( Figures 4D and 4E ). additional phenotypes might be seen if the Acu protein To determine whether this uncoordinated differentiawere completely deleted. tion was due to lack of actin polymerization, we made use of the GTPases Rac and Cdc42, which are thought Profilin Promotes Actin Polymerization to act through the kinase PAK to promote actin polymer- (Figures 5A and 5B). The same phenotype was observed in we observed accumulation of Ci more anteriorly than in surrounding wild-type cells (Figures 6G-6I) . chic mutant chic mutant clones ( Figures 5C and 5D ). This suggests both that coordinated alterations in actin filaments are cells did not themselves accumulate Ci, suggesting that actin filaments may be required for the response to Hh, required for apical constriction of cells in the morphogenetic furrow, and that this cell shape change is important but wild-type cells anterior to chic clones showed precocious Ci accumulation (data not shown). Ectopic Hh in controlling the pattern and timing of differentiation.
One hypothesis that might explain these results is signaling has been shown to be sufficient to induce apical constriction of surrounding cells ( Hazelett et al., 1998 ). An FRT40, chic 221 , acu E636 chromosome was generated by recombination. To generate Michelle Starz-Gaiano, Tetsuya Tabata, the Bloomington Drosophila stock center, and the Berkeley Drosophila genome project for fly clones in the eye disc, FRT40, acu, or chic/SM6-TM6B males were crossed to eyFLP;FRT40, P(arm-lacZ) ( Figures 1A, 3D, 3E, 3G, 3H , stocks and reagents. We are grateful to Michelle Starz-Gaiano and Ruth Lehmann for help with confocal microscopy, and to Buzz Baum 3J, 3K, 5, and 6), or to eyFLP;FRT40, M(2)24F, P(arm-lacZ)/CyO ( Figures 3F, 3I, 3L, and 4D) . Alternatively, FRT40, acu, or chic;dppand David Van Vactor for communicating results prior to publication. We thank Jeff Lee, Russ Collins, Iswar Hariharan, and Corinne ZaflacZ/SM6-TM6B males were crossed to eyFLP;FRT40, P(y ϩ ) ( Figures  1C and 4A-4C ), or to eyFLP; FRT40, M(2)24F/CyO (Figures 1E and fran for comments on the manuscript. This work was supported by grants from the National Institutes of Health (GM56131) and the 4E). Non-Tubby larvae were dissected. To generate clones in the wing disc, FRT40, acu/CyO males were crossed to hsFLP122;FRT40, National Science Foundation (IBN-9728140) .
